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ABSTRACT
An Intelligent Portfolio Management Approach to Gas Storage Field
Deliverability Maintenance and Enhancement
Kazim A. Malik

The main goal of this thesis is to modify and apply the state-of-the-art intelligent,
optimum portfolio management to the gas storage field in order to optimize the return on
investment associated with well remedial operations. It continues the development of a
methodology for candidate selection and stimulation design and optimization using
Artificial Intelligence techniques.
The project used the data of an actual gas storage field to test the results. The project data
include Well-bore, Completion, Perforation, Stimulation, Well-test and Reservoir Data.
The software developed in parallel with this selection methodology includes an easy to
use interface that allows the user to edit the data for a gas storage field, perform well-test
analysis and use neural networks in association with Genetic optimization tool. The
software ranks the well according to maximum change in skin value for a well and thus a
decision to re-stimulate the well or not is made accordingly.
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1

INTRODUCTION

1.1

Neural Networks

1.1.1

Background and characteristics

In 1943, Warren McCulloch and Walter Pitts designed what are generally regarded as the
first neural networks [9]. Neural Networks are very refined modeling techniques capable
of modeling extremely complex functions. An artificial neural network (ANN) is also
commonly reffered as neural network (NN) and is an interconnected group of artificial
neurons that uses a mathematical or computational model for information processing
based on a connectionist approach to computation [7]. Sometimes an ANN is adaptive
like a system that changes its structure in reply to an external or internal information that
flows in the network. More practical term that can be used for neural networks are nonlinear statistical data modeling tools. They have the ability to find complex relationship
between inputs and outputs .
They bear a resemblance to brain in following ways:
-

They use learning process to acquire Knowledge as our brain keeps the record of our
past

-

Similar to brain they store knowledge by changing the inter-neuron connection
strengths known as synaptic weights

Neural systems may be found in many diverse forms, but there are certain features that
are common to all:
-

They have parameters called weights, which are attuned to generate learning and have
many interrelated units called nodes

-

They use a learning rule like supervised or un-supervised learning rule to describe the
flow of information in the network

-

They aim to minimize or maximize a cost function or a combination of functions thus
can be regarded as optimization tools
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Figure 1.1 A Motor Neuron [7]
While designing a Neural Network a designer takes into account many considerations,
which can be categorized as following:
1-

NN Architecture

2-

Setting the Weights / Learning paradigms

3-

Activation Functions

1.1.2

NN Architectures

The arrangement of neurons into layers and the connection patterns within and between
layers is called the net architecture [8]. Neural nets are frequently classified as
1.

Single layer or

2.

Multi-layer

2

Figure 1.2 Example of Multi layer Neural Net [7]
In formatting the number of layers, the input units are not counted as a layer, because
they perform no calculation or function evaluation

1.1.3

Setting the Weights / Learning paradigms

However interesting the neural nets may be in designing , the thing that has attracted the
most attention is their possibility of learning [7]. They learn by changing the values of
their weights betweens two layers. The main categories of training supervised and unsupervised are discussed below: [7]

Supervised learning: In supervised training a sequence of training vectors or patterns is
presented with an associated target output vector. The weights are then adjusted
according to a learning algorithm [8]. Supervised learning algorithm is used mostly for
pattern recognition or classification, regression, speech and gesture recognition [7].
Unsupervised learning: Unsupervised learning self-organizing neural nets groups
similar input vector together without the training data and without specifying to which
3

each group each vector belongs [8]. Thus the input vector is provided with no specified
target vector. Unsupervised learning algorithm is used mostly for estimation problems,
clustering and filtering. [7].
1.1.4

Activation Functions

Artifical neuron sum the weighted input signal and applying an output, or activation
function. In the design of most Neural nets mostly linear activation function is used. The
examples of some of the activation functions is below:
i)

Identity function :
f ( x ) = x for all x.

ii)

Binary step function (with threshold θ):
⎧1
f ( x) = ⎨
⎩0

iii)

1
1 + exp( −σ x )

Bipolar sigmoid:
g ( x) =

1.1.5

if x ≺ θ

Binary Sigmoid:
f ( x) =

iv)

if x ≥ θ

1 − exp( −σ x )
1 + exp( −σ x )

General Regression Neural Network (GRNN)

Generalized Regression Neural Networks (GRNN) is modification of the Radial Basis
Function (RBF) network [6]. Weights of theses networks can be calculated analytically.
In regression problems, characteristically only a single output is predicted.

GRNN is used universally for smooth functions, so it can solve any smooth functionestimation problem given enough data.

4

Figure 1.3 Architecture of GRNN [6]
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1.2

Genetic Algorithms

1.2.1

Genetics

C. Darwin has put the fundamental principle of natural selection together long before the
finding of genetic mechanisms. He was ignorant of the basic inheritance principles but
intelligent enough to propose that blending of offspring’s from parents is due to a mix of
fluids in the offspring organism. Near 1900 Genetics was fully developed by T.Morgan
and his collaborators, who proved experimentally that chromosomes are the main carries
of hereditary information [2].
During the last three decades there has been an increased interest in algorithms, which
rely on analogies to natural processes like Artificial Intelligence Neural Nets, and Genetic
Algorithms. The emergence of massively parallel and fast computers made these
algorithms of practical interest which otherwise would have been very difficult to
perform.

1.2.2

Algorithm

The Genetic Algorithm is a model of machine learning, which derives its behavior from
the processes of evolution in nature [4]. The beginnings of genetic algorithms can be
traced back to the early 1950s when several biologists used computers for simulations of
biological systems [1]. However, the work done in late 1960s and early 1970s at the
University of Michigan under the direction of John Holland led to genetic algorithms, as
they are known today.
There are many problems for which no reasonably fast algorithm has been developed yet.
Many of them relate to the optimization of a function. To find such an efficient algorithm
that provides approximately optimal solution is very difficult but not impossible. In
general, any conceptual task to be performed can be thought of as solving a predicament,
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which, in turn, can be perceived as a investigation through a space of prospective
solutions. Zbigniew Michalewicz [2] (pg 15) said, “Genetic algorithms are a class of
general purpose (domain dependent) search methods which strike a remarkable balance
between exploration and exploitation of the search space”.
A genetic algorithm for a particular problem must at least have the subsequent
components [2]:
1- A genetic representation for potential solutions to the problems
2- A way to create an initial population of potential solutions
3- An evaluation function that plays the role of the environment, rating solutions in
terms of their “fitness”
4- Genetic operators that alter the composition of children during reproduction
5- Values for various parameters that the genetic algorithm uses (population size,
probabilities of applying genetic operators, etc.)
In [3] the authors discuss different categories of selection procedures for new generation.
They divide selection procedure into dynamic and static methods – a static selection
requires that selection probabilities remain constant between generations (for example
ranking selection), whereas a dynamic selection doesn’t have such requirement (e.g.,
proportional selection). Furthermore, some selection procedures are pure in the sense that
parents are allowed to reproduce in one generation only. Some selections are
generational in the sense that the pair of parents is fixed until all the offsprings replaces
their parent right away.
The Algorithm starts by initializing the set of solutions represented by chromosomes
called population. The population is evaluated to a fitness function and a new population
is created by mutation and crossover. Better the fitness value more is the chance to have
an offspring. The new population is thought to have better solution than the old or at least
equal in fitness value.

7

The intuition behind the applicability of the crossover operator is information exchange
between different potential solutions. Mutation operator on the other hand introduces
some extra variability into the population.

Chromosome: A binary string represents chromosome. A chromosome should in one
way or another contain information about solution that it represents [5]. One can also
encode directly integer or real numbers instead of binary numbers depending on the
dimensionality of the problem. Each bit in the string can represent some qualities of the
solution. A chromosome with binary coding will look like this:
Chromosome 1

1101100100110110

Chromosome 2

1101111000011110

Crossover: Crossover as evident from the name operates on parent chromosomes and
creates new offspring. The crossover point is randomly chosen and everything before this
point is copied from the first parent similarly then everything after this point is copied
from other parent. Crossover operation can be exemplified as follows: ( | is the crossover
point):
Chromosome 1

11011 | 00100110100

Chromosome 2

11010 | 11000011110

Offspring 1

11011 | 11000011110

Offspring 2

11010 | 00100110100

Mutation: The technique of mutation is intended to prevent all solutions in the
populations from converging to local optima instead of universal optima. Mutation takes
place after crossover and randomly changes the resulting offspring. In crossover a
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randomly chosen bit is flipped from 1 to 0 or from 0 to 1. Mutation can be shown as
follows:

1.2.3

Original offspring 1

1101011000011100

Original offspring 2

1101100100110110

Mutated offspring 1

1101111000011110

Mutated offspring 2

1101101100110100

Parameters of GA

There are four basic parameters of GA
1- Crossover probability
2- Mutation probability
3- Population size
4- No of Generations
Crossover probability: It determines how often crossover will be performed. If there is
no crossover, offspring will be exact copies of parents. If crossover probability is 100%,
then all offspring are made by crossover from parent population. Crossover is done in
hope that new chromosomes will contain superior element of old chromosomes thus the
new chromosomes will improve. Nevertheless, it is good ideas to leave some old
population survive to next generation so that a mix of old and new population is kept for
the new generation.
Mutation probability: It defines how often parts of chromosome will be mutated. If
there is no mutation, offspring are generated directly after crossover without any
modification. If mutation is performed, one or more parts of a chromosome are changed.
If mutation probability is 100%, entire chromosome is changed, if it is 0%, nothing is
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changed. Mutation prevents the GA from falling into local maxim but too much mutation
changes the chromosomes so much that the GA converts into random search.

Population size: This characteristic determines as to how many chromosomes are in
population. If there are too few chromosomes, GA has few possibilities to perform
crossover and mutation and only a small part of search space is explored. On the other
side too many chromosomes will slow down the GA.
No of Generations: This identifies the number of times the new populations are created.
If No of generations are low and so is the population size then the GA might not find the
universal optimum. On the other hand increase in Population size slows down the GA. So
an optimum value for population size and GA has to be balanced out.
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1.3

Gas Storage

Natural gas is a very important commodity, which can be stored for indefinite period of
time. Usually the producing regions and the consumption area are not the same so when
the gas reaches its destination it might not be readily used. Instead it can be stored. The
gas storage facility if made for the Liquefied Natural Gas (LNG) can cost nearly $ 10 per
MMscf but using natural way of storage i.e. in underground reservoirs might cost nearly
50 cents per MMscf.
Natural gas can be stored underground in three major ways:
1- Depleted reservoirs in oil or gas fields
2- Aquifers
3- Salt Cavern
Some research is still going on to determine suitability of gas storage in abandoned mines
and hard rock caverns.

Figure 1.4 . Types of Underground Natural Gas Storage Facilities
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The first time natural gas was successfully stored underground occurred in Weland
County, Ontario, Canada in 1915 [12]. It was a depleted natural gas well that had been
converted to a storage field. By 1930, the United States had six storage fields, all in
depleted reservoirs.
Depleted Reservoirs: Formation that has already been tapped of all their recoverable
natural gas or oil [12]. As the formation already has a geological formation capable of
sealing the reservoir and tested to hold up to at least the discovery pressure and surface
and distribution facilities are already established thus this form of storage is the most
cheapest and economical to maintain. The factors that determine if a depleted reservoir
will make a suitable gas storage field dependent on geology as well as geography.
Geologically it should have both porosity and permeability. Porosity for gas storage
capacity and permeability for gas deliverability (injection and production rate)
Geographically it should be located near the gas pipelines and consuming areas. One
advantage of the depleted gas field is that they already have the cushion gas stored in
them so no extra gas has to be injected for this purpose.
Aquifers: Aquifers are underground permeable rock formations that act as natural water
reservoirs [12]. They have some advantages like high natural gas withdrawal rate for
peak consumption seasons but generally are not desirable due to following reasons:
1- Geological features may not be meticulously known
2- Capacity of formation is not known and can be verified only when the aquifer has
been developed into a storage field
3- Surface facilities and drilling of well has to be done
4- Sufficient high pressure to push down the water is required
5- Retention capability of aquifer is less than a depleted reservoir
6- Dehydration of gas may be required
7- More cushion gas has to be injected as the original reservoir had no gas bearing
formation
12

8- More restrictions by Environmental protection Agency (EPA) to protect fresh
water contamination
Salt caverns: Salt caverns are another type of underground formations that can store
lesser amount of natural gas as compared to depleted fields but offer very high
deliverability. Thus they are more suited for peak load requirements. Once a salt
formation is identified it is leached to make a cavity for gas storage. The cost for
developing salt cavern storage field is high but one can achieve good returns per
injection and withdrawal cycle. Figure 1.5 shows the location of the three types of
storage facilities discussed.

Figure 1.5 . Underground Natural Gas Storage Facilities in Lower 48 States
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1.4

Gas Well Test Analysis

Gas well test analysis can be considered as a branch of reservoir engineering. Pressures
and flow-rates are the most valuable data in reservoir engineering. Commonly, gas well
test analysis is conducted for following intention [13]:
•

To obtain reservoir parameters

•

To determine the producing zone

•

To estimate Skin or damage to a gas well so that based on its magnitude a
decision regarding well stimulation can be made

Generally speaking, there are two types of gas well testing. The first kind, deliverability
testing and other includes draw-down or buildup testing.
The main aim of deliverability testing is to find the well performance parameters and of
build-up test is to find reservoir parameters like Skin factor (S) and formation thickness
(kh). In this report we will concentrate on deliverability testing as it is very closely
related to gas storage field maintenance. Permeability is usually known for such wells
and deliverability well tests can be used to determine an estimate of well-bore skin using
LIT Analysis.
1.4.1

Well Deliverability Tests

Back Pressure test/Simplified test analysis: Rawlins and Schellhardt observed that a plot
2

of ( p − pwf 2 ) versus qg would yield a straight line on a logarithmic plot with slope 1/n
for a stabilized flow. The backpressure equation known as simplified analysis equation is
written as [13, pg 154]:

2

qg = C ( p − pwf 2 ) n
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Where;

qg = Flow-rate, McfD
p = Closed average formation pressure, psi
pwf = Stabilized flowing sand face pressure, psi
n = Turbulence exponent
C = Flow co-efficient
Once the value of n has been determined from the plot, the value C can be calculated by
using data from one of the test that falls on the straight line by following formula:

C=

qg
2

( p − pwf 2 ) n

For wells in which flow is affected by turbulence the value of slope is greater than 1
(1/n>1) or in other words n approaches 0.5, whereas for wells in which turbulence is
negligible the value of n approaches 1. So generally n obtained from the well-test will fall
between 0.5 and 1. Also exponents of n<0.5 may be caused by liquid accumulation in the
well-bore.
A parameter usually used to compare wells is the flow rate that would occur if pwf could
be brought to zero. This is called Absolute Open Flow (AOF) and given by following
equation:
2

AOF = C ( p − 02 ) n
Another parameter used to compare wells is the flow rate at a peak pressure
2

difference ∆ 2 p = ( p − pwf 2 ) . This pressure is different for every field and for the gas
storage field from which the data was used for analysis it is 250,000 psi2. Thus in
equation form

15

PDRate = (C × 250, 000) n
If in a back-pressure test the pwf is zero then that test is called Open-Flow Test and if it
is kept at a back-pressure like separator pressure or distribution line pressure then its
called Single Point Test.

Isochronal Test: In 1955, Cullender [14] proposed a series of flow tests at different rates

for the same length of time. The resulting plot of ∆2P versus Qsc, would have the same
slope as the stabilized back pressure performance curve. Then, extending the last flowrate to reach stabilized pressure P and imposing the slope onto the stabilized point
2

( p − P 2 ) , one could obtain an approximate performance curve without stabilizing the
pressures except for the last flow-rate. Figure 1.6 shows a typical isochronal well test.
Formula for the slope is :
2

2

2
2
1 log( p − pwf ) 2 − log( p − pwf )1
=
n
log q2 − log q1
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Figure 1.6 Isochronal well test [13]
Modified Isochronal Test: This type of testing is the same as isochronal well testing

except that instead of ( p) the preceding shut-in pressure is used to obtain ∆p . The shut
in pressure to be used for stabilized point is ( p) , the true stabilized shut-in pressure. The
pressure and flow-rate characteristics of the modified isochronal test are shown in Figure
1.7. More information and greater accuracy can result from proper conducting and
analysis of tests.

17

Figure 1.7 Modified-Isochronal well test [13]

Laminar Inertial Turbulent (LIT): Analysis of data from isochronal type test using

Laminar Inertial Turbulent (LIT) flow equation will yield considerable data. This method
can also be used to find skin of a well from single-point test when the value of
permeability of reservoir is known from prior multi-point test. The LIT equation is
written as [13, 164]
∆ψ = ψ R − ψ wf = aq sc + bq sc2

Pressure drop due to laminar
flow and well conditions

Pressure drop due to
inertial-turbulent flow

Procedure for calculating Skin from LIT analysis for known permeability (k) value is
below:

18

1.

Calculate at and b from equations below:

∆Ψ

at

∑ q ∑ q − ∑ q ∑ ∆Ψ
=
N∑q − ∑ g ∑ g
2
sc

sc

sc

2
sc

sc

sc

∆Ψ
N ∑ ∆Ψ − ∑ q sc ∑
q sc
b=
2
N ∑ q sc − ∑ g sc ∑ g sc

2.

N= Number of data points

Plot ( ∆Ψ − bqsc2 ) vs. qsc on a logarithmic scale. The transient data points should
form a straight line. If they don’t form a straight line, calculate at and b again
with the data which forms the straight line

3.

Calculate Skin (S) with the formula [16]

S=

⎤
⎛ kt ⎞
1 ⎡
kh
6
− log ⎜
+ 3.23⎥
⎢ at ×10
6
2 ⎟
0.869 ⎢⎣
1.632 × 10 T
⎥⎦
⎝ φµi ci rw ⎠

Where:
k: effective permeability to gas, md
h: net pay thickness, ft
T: Temperature of the reservoir, oR
rw: well-bore radius, ft
S: skin factor, dimensionless
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1.5

Well Stimulation

After years and years of operation from storage well the flow-rates become too low to
permit required high demand of natural gas in the market. Actually after many injection
and withdrawal cycle the reservoir conditions near the well bore deteriorate. If the storage
formation is sandstone then many small sand particles might obstruct the pore space in
the formation thus requiring more pressure differential to flow. Sometimes hydrates
might be formed in case the storage field was developed from a depleted oil field.

Figure 1.8 Pressure profile while a Fracture job [15]
Fracturing is a way to stimulate gas flow rates. Figure 1.8 shows the pressure profile
during a normal stimulation job. Well bores connected to gas storage field are pressurized
with fluid to the extent that rock fractures, admitting large volumes of fluids. Sand or
other synthetic solids may be mixed with fluid so that the fractures remain open and gas
can flow through them. The pressure required to cause fracturing is normally in the range
of 0.8 to 1.1 psi per foot of depth [14, pg, 303]

20

Fracturing in the earlier times used to be done with thickened gasoline, diesel fuel,
kerosene and other such type of fluids. The first chemical used to thicken the fracturing
fluid used in the late 1940s, was the war surplus napalm, which contains large amounts of
aluminum. In the late 1960s cross-linked gel and guar gum was a common fracture fluid.
Nowadays Nitrogen and Carbon dioxide are also used in the fracture job due to their low
specific gravity and high expansion energy, which helps to remove the debris left after
the fracture job.

21

2.

LITERATURE REVIEW AND BACKGROUND

2.1

Well-Test Analysis for Gas Wells

The first known Well Test analysis method was developed by Schellherdt and Rawlins
[13] published in their well known Monograph 7: Back-pressure Data on Natural Gas
Wells and Their Application to Production Practices (1936). It was based on empirical
method applicable to very porous and permeable reservoirs. They showed that plot of
2

( p − pwf 2 ) versus qg would yield a straight line on a logarithmic plot with slope 1/n.

After that there has been numerous work done to analysis well-test of fractured wells.
Fractured wells are significantly different from un-fractured wells. Their pressure
transient analysis depends on end of well-bore storage and linear flow regime. This
analysis requires a very meticulous conductance of well-test and data recording.
Steady state Analytical model was first published by Muskat to describe behavior of
naturally fractured wells. The hydraulically fractured well behave comparable to natural
fractured well in their pressure and flow rate response. After that Prat et al gave a concept
of effective well-bore radius, which is a function of fracture length and dimensionless
conductivity.
Unsteady state behavior of infinite conductive vertical fractures was studied by Russell
and Truitt. They showed the usefulness of semi-log analysis for fractured reservoirs if the
fracture length is much smaller than the drainage radius.
Linear flow technique was first used by Clark, Millheim and Cichowicz. They discovered
that a Cartesian graph of pressure versus square root of time yields a linear relationship.
Cinco and Samaniego’s work on finite conductivity fractures revealed that log-log graph
of delta pressure versus time would have a quarter slope. Agarwal et al. extended the
work of Cinco et al. to produce type curves to find solution of finite conductivity fracture
flow. In 1955, Cullender [14] proposed a series of flow tests at different rates for the
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same length of time, which came to be known as isochronal well-test. A slightly modified
version of this called modified-isochronal well-test is widely used in petroleum industry.

2. 2. Candidate Wells Selection

Operator companies spend millions of dollars each year around the world to increase the
performance of gas storage wells. There are many tools available for candidate selection.
Usually the companies have to rely on change in AOF’s and Peak day rates coupled with
the storage potential of (kh) to make theses decisions.
Almost all of methods for hydraulic fracture optimization use of fracture simulators that
require extensive reservoir data. Due to the inherent geology and behavior of Clinton
sandstone this data is very difficult to get. Usually the companies make the candidate
selection in four steps.
In first step they use reservoir simulators to predict the expected flow-rate at wells. From
this they can identify the under performing wells. Secondly, to keep every thing in
perspective they look at the history of its flow-rate. If it coincides with their results they
go to third step and use hydraulic fracture simulators to determine required fracture
length and conductivity to achieve that well performance. Once the stimulation slurry is
designed their fourth step is to use cost optimization tools to select the wells for
stimulations. It’s a step-by-step tedious process and has many chances of error.
Candidate well selections using intelligent tools have been previous used to predict the
production rates and hydraulic fracture optimization but never has it been used for
storage wells using skin as the optimization parameter. Skin is fundamentally the most
important parameter in storage candidate well selection.
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2.2

Gas Storage Fields And Stimulations

Gas storage fields maybe selected with some criteria. The first and foremost criterion is
the existence of a suitable geo-structure [14]. It should have a sealing mechanism. Second
is the depth of storage field. For gas storage 1000 ft, which represents a pressure of 433
psi, is considered to be a minimum depth. High permeability and porosity in a reservoir
are strongly desirable. The Clinton sandstone represents one such good example but the
heterogeneity of this parameter makes Clinton sand storage reservoir very unpredictable.
Nearly all fracture stimulation treatments, both historically and today in the Appalachian
basin, have several standard components. Some of them are discussed below:
Pad or Cushion: A pad, or cushion is used to initiate and create the fracture. It is usually

a viscosified liquid or foam
Viscosified fluid: Viscosified fluid (liquid or foam) to carry proppant (sand)
Proppant: Sand or beads as a proppant to hold the fracture open
Flush: Flush (liquid or foam) to displace the sand-laden fluid down the well bore and into

the fracture.
In addition, the majority of the fracs have some sort of acid spearhead (HCL, mud acid,
etc.) that is pumped ahead of the pad. And some fracs, and not very many, have had
some sort of alcohol, usually methanol, pumped prior to the job as a miscible surfacetension reducing agent. The vast majority of the fracs in the storage field are water-based
fracs. There are several types of water-based fracs that have been used:
1. Linear gel ("water-N2", "water-gel", "Hydra", "water")
2. Crosslinked gel ("borate crosslink", "Delta", "Viking x-link", "Lightning", "WideFrac")
3. Foam ("Foam" and others)
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A linear gel is a mixture of water and a gelling agent, typically guar gel. The fluid itself
would look like cloudy, thick water. It has a viscosity of around 7 to 11 Centipoise (cp)
depending upon how much gel is added to the water in pounds per 1000# (lb/Mgal).
Many linear gel fracs, but not all, have nitrogen added in during frac to provide additional
energy for cleanup. A typical job may have up to 20% nitrogen in the fluid. Historically,
some have nitrogen in them and some don't.
A cross-linked gel frac is simply linear gel that has had a cross linking agent added to the
mixture. The cross linker has the effect of joining the ends of the guar molecules which
creates substantially more viscosity. A typical cross-linked gel has viscosities ranging
from several hundred to several thousand centipoise. These cross-linked fluids also have
a chemical breaker added to later break the bonds between the guar molecules, which
reduces the viscosity down below the base gel. These chemicals have time-dependent
mechanism that allow them to be pumped and then flow the excess fluid back out of the
well while leaving the sand in place after the frac closes. Typical breakers are usually
organic enzymes that "digest" the gel or are oxidizers that chemically alter the fluid.
Most, but not all, cross-linked gel fracs have nitrogen added to the mixture to provide
additional energy for cleanup. A typical job may have 20% nitrogen in the mixture.
A foam frac is defined as a frac where the majority of the fluid pumped is a gas. Foam is
formed when the gaseous phase is between 55% and roughly 95% of the total mixture by
volume. The other part of the mixture is usually a linear gel or sometimes a cross-linked
gel along with a foaming agent/surfactant (soap). Foam is usually used for the pad, as a
carrier for the sand, and to flush the sand to the formation.
In the old days, typically the late-1950's and early-1960's, there were some fracs pumped
that were hydrocarbon-based. These include the old "Petro-gel" and "Viso-frac". The oilbased fluid is typically kerosene
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3.

METHODOLOGY

3.1

Problem statement and our approach

To make an intelligent decision about the candidate well selection we need to have a
judgment whether the stimulation was good or bad. To make that decision we collected
all the relevant data and put it in a database so that we can manipulate it the way we like
to look at it. To make candidate selection either of three parameters can predict the
effectiveness of the stimulation. One in Peak Day rate second is Absolute open flow and
third is change in skin provided permeability values don’t vary much. Permeability
analysis was done for all the wells in the storage field and frequency graph was plotted to
check the variability of permeability values in the field which is shown in Figure 3.1.

Figure 3.1 Permeability Analysis done on the storage wells
Almost more than 140 (more than 94%) wells that had permeability values, the range of
permeability was from 5md to 100 md. The Peak Day rate and Absolute Open Flow
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parameters for this field didn’t give us desired results to make an intelligent decision so
change in skin was used to make candidate selection.
The well-test data found was very less so a software containing tools to analyze the welltests by simplified and LIT analysis was developed. Another tool to find permeability
from an extended build-up test was added later. With this data a neural network was
trained to predict the non-linear relationship of skin after the stimulation. Now when we
can predict skin from any stimulation we made a Genetic Optimization tool that uses
genetic algorithm to find the optimum stimulation parameters. As we have got the best
stimulation parameters for each well and its corresponding predicted skin we can now
rank the wells and select candidate wells.

Figure 3.2 Flow chart of our problem solving approach

27

Following is the flow diagram of the well test analysis procedure and the type of values
that we get from the data.

Figure 3.3 Flow Diagram of Well Test Analysis procedure
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Characteristics of the reservoir: The data used in this study was taken from a gas

storage field in Ohio. The gas storage formation was Clinton sandstone and it properties
are shown in Table 3.1.

STORAGE RESERVOIR CHARACTERISTICS

VALUE

Specific gravity of gas

0.585

Porosity

14 %

Average formation depth

2000 ft

Max Allowable Pressure

1150 psi

Del pressure squared for Peak Day rate calculation

250,000

Average thickness of storage formation

10 ft

Table 3.1 Storage Reservoir Characteristics

Valid Stimulations: For intelligent candidate selection of wells it is very important that

only valid data is given to the Neural Network (NN) for training. Valid data is one, which
if given to NN for training and contains no empty or null value otherwise it will degrade
the neural network. Following is the criteria for a valid stimulation:
Valid Stimulation –

It should have skin value before & after stimulation

Valid perforation –

perforation just before the stimulation

Valid Completion –

the smallest size completion run before stimulation

Valid Well-test –

well-test having skin value just before or after the well-test
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3.2

Database preparation

Visual Basic v 6.0 was used to code the software and interact with the accompanying
database. This software uses MS Access to store large amounts of data required for this
software. MS access was chosen due to its versatility to make queries, edit data and due
to the fact that it is available to almost everyone. The data could be segregated into five
main tables, each relating to specific characteristic features of the gas storage wells and
one table for the cost of materials and other of reservoir characteristics. Following are the
main tables:
1-

Well-bore data

2-

Completion Data

3-

Perforation Data

4-

Stimulation Data

5-

Well-Test Data

Figure 3.4 Database chart showing information in each table
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3.2.1

Well-bore data

It includes basic features of the well like location, depth, well name … etc. Data about
well bore was retrieved mostly from well schematics and well summary reports. The data
already provided by Columbia Transmission Corporation was also verified. The complete
list of the data type retrieved is below
1.

API Number

2.

Field Name

3.

Well

4.

Lease Name

5.

Classification

6.

Latitude (Lat)

7.

Longitude (Long)

8.

Section

9.

Township

10.

County

11.

State

12.

Operator

13.

Total Vertical Depth

14.

Formation

The tables contained many minor mistakes like wrong Well API number length and many
spelling mistakes:
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Graphical Analysis of Raw Data vs. Refined Data

Figure 3.5 Data addition and refinement for Well-bore Data
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3.2.2

Completion Data

Completion data mostly relates to the type and depth of casing/liner/tubing run in the gas
storage wells. The data type retained for the database includes following
1.

API Number

2.

Field Name

3.

Well Name (Well)

4.

Completion Description (Des)

5.

Date Tubing Run (Dt Tm Rn)

6.

Outer Diameter (OD)

7.

Top of Casing

8.

Bottom of Casing (Bot)

9.

Casing Weight (Weight)

10.

Casing Grade (Grade)

Unfortunately the data was mostly in an excel file and had to be verified with well
schematic drawings. This led to the most unusual step in this project as it lead to
reduction of valuable data available to us. This was due to the erroneous and multiple
data entry originally in the completion table. Identification of the multiple entries and
their removal from table was the most focused act of cleaning the data, as omission of
desirable records was unacceptable. Following pictures show one of such flawed multiple
data entries, which were removed.
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Figure 3.6 Multiple Data Entries in Completion Table
In the completion table the following notations used as casing description were discarded
to have a standard definition

Table 3.2 Changed notations in completion table
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Analysis of Raw Data vs. Refined Data

Please note that multiple data entry was the major reason for the reduction in the refined
data from the initial

Figure 3.7 Data addition and refinement for Completion Data
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3.2.3

Perforation Data

This data set contains mostly all the information relating to the perforations done on the
gas storage well like perforation top & bottom depth and shots per feet. Following are the
data types included in this type of data set are below.
Following are the data types included in this type of data set:
1.

Well API Number

2.

Field Name

3.

Well Name

4.

Completion Type

5.

Perforation Date (Perf Date)

6.

Perforation Top (Perf Top)

7.

Perforation Bottom (Perf Btm)

8.

Shot Type

9.

Shot Per feet (Shot Per ft)
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Analysis of Raw Data vs. Refined Data

Figure 3.8 Data addition and refinement for Perforation Data
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3.2.4

Stimulation Data

Stimulation data is the one of the most significant dataset about the storage wells.
Because of this it was very important that we have maximum records of stimulations.
Following data type is used to represent stimulation
1.

API Well Number

13.

Foam

2.

Well Name

14.

Nitrogen

3.

Size of String

15.

Alcohol

4.

Stimulation From

16.

Cushion

5.

Stimulation To

17.

Flush

6.

No Of Shots

18.

Sand Quantity

7.

Fractured by

19.

Sand Type

8.

Stimulation Type

20.

Injection Rate

9.

Stimulation Date

21.

Total Fluid

10.

Water

22.

Breakdown Pressure

11.

Acid

23.

ISIP

12.

Gel

Unfortunately initially we didn’t have much data about the stimulations being done in
this Storage field. With this in mind every record with the company was carefully
examined. The largest source of stimulation data came from the thousands of microfiche
with some data being found in well summary reports. Following is a picture of data in
well summary reports.
All the steps taken to retrieve data from microfiche are explained in a flow in Figure 3.9.
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Figure 3.9 All the steps taken for retrieving data from microfishe
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During the data entry different sign conventions and unit conversions were carried out as
follows

Table 3.3 Unit conversions done in data
The following notations were used in place of different notations being used in the tables

Table 3.4 Notations replaced in stimulation table
All records of Nitro-shots were discarded for this database as they have no stimulation
parameters on record and are part of history now plus they also damage the well. Above
all they will tend to degrade the Neural Network.
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Graphical Analysis of Raw Data vs. Refined Data

Figure 3.10 Data addition and refinement for Stimulation Data
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3.2.5

Well Test Data

Well-test data is the most extensive dataset that I worked on. It has the max amount of
records nearly 3365 and 29 data types that control every aspect of a well-test. The data
type selected for a well-test representation consists of following
1.

Well API Number

16.

Rate 3

2.

Field Name

17.

Time Extended

3.

Test Date

18.

Field Pressure Extended

4.

Test Type

19.

Flowing Pressure Extended

5.

Time 1

20.

Rate Extended

6.

Field Pressure 1

21.

kh

7.

Flowing Pressure 1

22.

Skin

8.

Rate 1

23.

True Skin

9.

Time 2

24.

Non Darcy Co-efficient

10.

Field Pressure 2

25.

n Value

11.

Flowing Pressure 2

26.

C Value

12.

Rate 2

27.

Delta Pressure Squared

13.

Time 3

28.

Peak Day Rate

14.

Field Pressure 3

29.

Absolute Open Flow

15.

Flowing Pressure 3

Lot of data was missing in this dataset so it was decided that values of n, C, Peak Day
rate & AOF will be interpreted manually and on the other side work on software will
continue to automatically do this interpretation procedure with little input from user. This
program will be discussed in great detail latter.
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Graphical Analysis of Raw Data vs. Refined Data

Figure 3.11 Data addition and refinement for Well-Test Data
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3.3

Software Implementation

After the database was prepared software was made to not only show all the data but also
to add/edit well data in the database and choose the data that you want to look at, for a
selected well. It also has a Well Test Analysis tool which calculates the well
deliverability parameters like n, C, Peak Day rate & Absolute Open Flow and perform
LIT analysis. Candidate Selection module of this software incorporates the Neural Net
and Genetic Optimization tool. Screen shot of the software developed for this study is
shown below:

Figure 3.12 Main Screen of software
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3.3.1

Well-Test Analysis module

Simplified Analysis: In this part of software the user can perform a simplified well-test
analysis. The user selects the points to be drawn on the log-log plot of Flow rate vs. ∆2P
and draws the line that passes through these points. The slope of the line is calculated by
2

2

2
2
q
1 log( p − pwf ) 2 − log( p − pwf )1
formula: =
And C from the formula: C = 2 g
n
log q2 − log q1
(p − p

2 n
wf

)

2

with AOF = C ( p − 02 ) n & PDRate = (C × 250, 000) n . The values calculated can be saved
in the database. Figure 3.13 shows the screen shot of one such calculation done between
6th and 7th well-test.

Figure 3.13 Simplified analysis done in the software
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LIT Analysis: The data in the well-test analysis had very few skin calculations So this

tool is useful if the permeability value is known for a well. With the known permeability
assuming it be same and selecting well-tests that were performed near (approx 2 years) to
one and another so that our assumption of same skin for LIT remains valid. Then using
LIT method as discussed earlier we interpreted skin values for different well tests
as S =

⎤
⎛ kt ⎞
1 ⎡
kh
6
− log ⎜
+ 3.23⎥ . Figure 3.14 shows one of the
⎢ at ×10
6
2 ⎟
0.869 ⎢⎣
1.632 × 10 T
⎥⎦
⎝ φµi ci rw ⎠

LIT analysis done on well-test # 8 of a well in the gas storage field.

Figure 3.14 LIT analysis done in the software
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3.3.2

Neural Network as Skin Predictor

The Neural nets are very powerful in predicting non-linear relationships. As the
relationship between skin and stimulation parameters is non-linear and very complicated
thus neural nets are used which are very good at it. With skin values before and after the
stimulation calculated and stimulation parameters known we can now use these valid
stimulations to train the Neural Network to use it as a prediction tool. Intelligent Data
Evaluation and Artificial Network IDEA® software by Intelligent Solutions Inc. was
used to design the neural network. This software is very versatile in making different nets
with different training algorithms. Generalized Regression Neural Net (GRNN) was used
to train the neural net. The net had 11 inputs and 1 output as skin. The source of data for
the neural net is given in Table 3.4.

Table 3.5 Neural Network Inputs and their source
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Out of the 78 valid stimulations available, the Neural net was trained on 60 data items
while 14 were used as calibration data while 4 as verification data. The Neural network
showed very good results for all three types of data. The screen shot taken from the IDEA
software for training of the neural net is shown in Figure 3.15.

.

Figure 3.15 Accuracy of training data for the Neural net

The calibration and verification of the Neural net is shown in Figure 3.16 and Figure 3.17
respectively. After the accurate results of this GRNN the software was updated to use the
GRNN generated files to be used in the Genetic algorithm.
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Figure 3.16 Accuracy of calibration data for the Neural net

Figure 3.17 Accuracy of verification data for the Neural net

49

3.3.3

Optimization of Stimulations

Genetic Algorithm was written to optimize the stimulation parameters used in the neural
net. Out of the 11 input parameters 7 can be varied to obtain optimum skin. The range of
these variables was calculated and accuracy desired was determined to design the length
of the chromosome of Genetic Algorithm (GA) that will be required. The calculation is
shown in the table . for the chromosome length if all the parameters are selected.

Table 3.6 Calculations to determine the length of chromosome
The length of chromosome came out to be 9 + 11 +10 + 8 + 9 + 9 + 2 = 58.
The GA characteristics that were used are shown in Table . These were the best but can
be changed as desired to suit other neural nets in the future.
GA CHARACTERISTICS

VALUE

Crossover rate

60 %

Mutation rate

10 %

Population size

500

No of Generations

10

Next Generation criteria

Top 30 % ranked from previous generation

Crossover criteria

Top 25 % has 75 % chance of Crossover
Table 3.7 GA characteristics
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There are two optimization methods made available in this software. One is optimization
just based on skin and other based on both skin and cost. The optimization objective
function is calculated using the following formula and GA minimizes this optimization
objective function.
OptimizationObjective Function =

Skin − Skinmin
Cost − Costmin
× Skin weight +
× Cost weight
Skinmax − Skinmin
Costmax − Costmin

Software compatibility and variability: In the software user has been given many

options to accommodate the particular situation that he has and data availability if
different from the data that we have used to verify the results from this software.

Figure 3.18 Different options in the software that make it versatile

One of such variability introduced is that the software can use any other neural net if it is
required. The option menu of the optimization screen has the option to import any other
neural network. Plus there is an option to select the available controllable parameters for
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the GA. For example if the user does not want to use or does not have foam and nitrogen
then he can unselect them as shown in Figure 3.18. The length of GA will change
according to the selection.
As the Neural Net has ‘Well-Test Type’ as its input so the ‘Select Well-Test Type’ menu
option gives the user an option to choose the test the user wants the neural net to interpret
the well-test. With changing price of hydro-carbons the petroleum industry is going
through fluctuating material cost. The stimulation material prices change frequently and
are a factor of demand and supply in that region. The software has the option to change
the price of the stimulation material before applying the GA to the available data.
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4.

Results and Discussion

The software was tested on the available data and due to the variability of parameters that
can be changed for optimization for intelligent candidate selection we tried to come up
with the best combination of GA characteristics that are shown in Table 3.6 and Neural
Network that has been discussed in previous chapter, but we may like to add that it might
not be the best combination but surely one of the best for the data available to us.. We did
analysis on two runs. One in which skin was given 100% weight age in the optimization
meaning that we did not cared about the cost but only the skin. Even if several thousand
dollars have to be spend to have a slight increase in skin and the other in which skin was
given 50% weight age and rest 50% to cost in the final result.

RUN

RUN REFERED IN

NUMBER

FIGURES AS

RUN –1

Skin 100 – cost 0

Skin weight age is 100% - Cost weight age is 0%

RUN - 2

Skin 50 – cost 50

Skin weight age is 50% - Cost weight age is 50%

RUN DESCRIPTION

Table 4.1 Description of the two runs done for analysis

The Summary of results for these runs is shown in Table 4.3 while Figure 4.1, Figure 4.2,
show the comparison between the actual and predicted optimized stimulations results by
the two runs:
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Figure 4.1 Comparison of Average skin after the stimulations

Figure 4.2 Comparison of average cost per stimulation
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Figure 4.3 Comparison of Total cost of Stimulations
From Table 4.3 it is clear that the skin - after optimization (GA Skin) in run #1 for skin
100 – cost 0, is always less than the skin prior stimulation (prior Skin). Only in one case
for well # 61 it came very close to the actual skin, indicating that the stimulation already
done on the well # 61 was excellent resulting in maximum improvement in skin
otherwise all stimulations to some degree have chance of improvement. The stimulation
slurry predicted in run # 2 for skin 50 - cost 50 was very similar to the one used except
that the optimization in order to reduce cost compromised the skin from –5.91 to –5.723
instead.

Table 4.2 Comparison of actual & predicted skin for Well # 61
Figure 4.1 shows that the GA optimized the skin and shows that there is potential in the
wells to be stimulated again. Figure 4.2 and Figure 4.3 show that the GA has optimized
the stimulation cost and the user can stimulate the wells economically. Table 4.3 lists all
the results for skin weight age of 100 %. The wells can be ranked for any weight age
using the software, thus candidate selection can be made based on their rank and skin
weight age.
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Table 4.3 Results of Optimized Skin and cost

56

5.

Conclusions

The main aim of the study was to find the re-stimulation candidate wells with the given
data without trying to spend thousands of dollars on well-test and gas reservoir
simulators. Detailed analysis of well-tests performed on the storage field was done and
intelligent tools like Neural networks to predict the Skin and Genetic Algorithms to
optimize the stimulation were used to select the best stimulations for a well. The
following conclusions can be drawn from this research:
1

The Artificial Intelligence Tool can predict Skin with high confidence.

2

The Portfolio Management for re-stimulation candidate well selection with the
software made during this research study can be very cost effective.

3

This software is the first successful attempt to combine Data editing, WellTest analysis and Artificial Intelligence in one software package.

5.1

Future Work

The future work recommended is related to the improvement in the software so that it can
make a simple reservoir model and simulator that can match the pressure profile of the
well-test and predict permeability. With the reservoir characterization module this
software’s capability can be greatly enhanced.
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This document will introduce you to the latest software application for gas storage field data
entry, well-test analysis and stimulation optimization. The software application is called
‘Intelligent Storage’.
From this software user can edit the data and retrieve the data for different wells according to
location or stimulation year. This software can do analysis for typical gas storage well-tests like
well-deliverability parameters and well-bore skin. One of the capabilities of this software is that
if we get more data or data from different field, and train different Neural Networks, we can still
use this software to import and apply Genetic optimization to the well stimulations. It has been
developed in a modular form so that more modules can be added as and when required to make it
more robust.
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This software is very simple to use and follows three main steps which are also indicative of the
first three buttons that you will see when you start the software. First you Add/Edit the data that
you want to use, this includes performing Well-test analysis, Secondly you can select any well
according to some specific criteria and look at its data, and in last, perform candidate selection.
All of these steps will be explained in detail latter.
When you first start the software the interface is the one shown in the picture in next page. All
the operations are controlled by Main Menu screen. The software organization is very clear from
the interface. It is a step-by-step approach, which makes it really easy for the user to follow the
software.

62

Complete list of items and sub-items in the above command buttons is shown below:
•

File
o Create Template
o Import Data from filled-out Template
o Remove all data from database
o Exit

•

Help
o User Manual
o Formulas
o About

•

Edit Well Data
o Well bore
o Completion
o Stimulation
o Perforation
o Stimulation
o Well Test

Well Test Analysis Tool
o Reservoir
o Find a Well

•

View Well Data
o Select State & county
o Select Wells
o Selection Options
o Select Well Data

•

Candidate Selection
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File
The file menu can be accessed from the top left corner of menu bar. It contains four options.
o Create Template
o Import Data from filled-out Template
o Remove all data from database
o Exit

Create Template
This option if selected will ask the user to select the location on the hard drive where the user
wants to save the Template and latter after filling the data import that template instead of
entering the values one by one from the software.
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Select the place in the hard drive where you want to create the Template.

Once the Template is successfully created in the hard drive the following message will appear
indicating the user that the template file has been created.

Following is the screen shot of the Template file showing the Well bore data.
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It has six worksheets, each representing the table in the database of the software.
o Well bore Data
o Completion Data
o Stimulation Data
o Perforation Data
o Stimulation Data
o Well Test Data
o Reservoir Data
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1.

These are the fields of the table. Each field represents one characteristic of the table and
each row is one record. If the user is not clear about any field then he/she can drag the
screen cursor to that field name and the comment will appear like in the picture below
where it will give a little explanation, its format and an example so that the user
understands what sort of data to enter in each field
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2.

This section has two set of warnings for the user entering data. One is to not edit or
change number of Titles in all the worksheets or worksheet names and other to add
only unique 'API Number' in worksheet 'Well bore Data' and all dates in worksheets
where required should be entered.
This has been done as the data is retrieved from the template according to some
specific format and non presence of any data in elementary field might stop program
from using that record. All the elementary fields’ background is orange/red while
others are in green.

3.

This section shows all the worksheets in the Template file.

Import Data from filled-out Template

If this option is selected from the file menu then the program will ask the user to select the filled
Template file from the location. The new data will be appended to the existing data.
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Remove all data from database
If the user doesn’t want to append the data to previous database but instead want to up-load a
whole new data then there is an option in file menu as highlighted in the snapshot below. This
option will remove all data in the previous database. After removing the data from previous
database the user can up-load the updated data from the template or enter it in the software.

Exit
The program can be exited by two options. One is to exit by using the file menu and selecting
‘Exit’ while other is to select the cross on the top right corner as in normal windows based
applications.
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Help
Another option that can be accessed from the menu bar on top of the main menu screen is the
Help menu option.

It contains three types of information one is the User Manual for this software and second is the
Formulas used in this software and third ‘About’ form which shows the system information and
software contributors.
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Edit Well Data
The objective of this interface is to Edit the database and do well-test analysis for each well
based on the data entered or already saved.

1. To move to the first well, previous well, next well & the last well in the record the user
has to click on the button assigned to it. The wells are assorted in ascending order
according to well API Number which is itself displayed in the ‘textbox’ below the ‘API
Number’ label.
The ‘progress bar’ gives a visual aide to know the relative position of the well in database
as the user browse through the database it will add or reduce the blue segments indicating
current well position in the well bore database.
Below the ‘well count’ label the position of well out of the total records is indicated.
2. These are six tabs which represent six different tables in the database.
1- Well-bore
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2- Completion
3- Perforation
4- Stimulation
5- Well-Test
6- Reservoir Char
3. The user can edit/view the data in these text boxes. They correspond to the value of that
parameter in the database. The Well-bore tab is used to create a new well and then data is
entered one by one in all the following tabs. If you press other tabs, they will open up as
in the pictures below

In the end of each tab except Well-bore and Reservoir Char there are browsing buttons for each tab.
Browsing buttons for Well Test tab are shown in the picture below
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If you want to move to the first Well Test, previous Well Test, next Well Test n or the last Well Test
in the record, click on the button assigned to it. All the records are assorted in ascending order
according to time.
4. With these command buttons you can add, edit, save, delete, undo & find a record. Where
ever ‘Main Menu’ command button

appears in this software means

that if you select it, it will take you to the Main Menu interface.
Controls in section 1, 2 & 4 are same for all the tabs. If you want to add a new well then
‘Well-bore tab’ should be active and similarly if you want to add stimulation then
‘Stimulation’ tab should be active.

Note:

The only way you can add a new well in the database is when you press ‘Add
New’ button while the ‘well-bore’ tab is active. This way a new well will be
created with corresponding Reservoir Char data and you can enter data in all the
rest four tabs. Otherwise ‘Add New’ will only add new completion, perforation,
stimulation or well-Test depending on which tab is active.

When a completely new well is being added in the database, all the tabs except Well bore tab
will become inactive and the background color of all text boxes of Well Test tab will be yellow,
indicating that they are ready for entering data. Notice in the following two pictures with all the
tabs are inactive except ‘Well bore’ and ‘Well count label’ reading ‘Adding New Well-bore data’
and that all the textboxes are empty with yellow background. After entering the data ‘Save’
button is selected.
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Instead of selecting ‘Save’ button if the user doesn’t want to save the changes or add new well
then ‘Undo’ button can be selected. It will cancel the previous Add new or edit command.

Note:

The dates for completion, perforation, stimulation & well test should always be
entered as the output of the software is directly dependent on the chronology of
events. The format of date is also specified for the user where required. A close
picture of that format is below

You need to enter API well no only once in the well-bore tab and it will be automatically copied
in the rest of tabs and procedure is the same for editing. The format for entering well API
Number is below

If wrong format or well API number is not entered for a new well then you will be greeted with
the following message

If the well API Number that you tried to enter is already in the database then you will be greeted
by following message
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Find a Well
If you know the well API Number and want to find that well then ‘Find’ command button will be of
great help to you. Just click it and new screen will pop-up. Enter the well ‘API number’ in the text
box or scroll the well API Number list box and double click the well for which you want the data to
be retrieved.
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Show
If you want to see the Peak day rate, Absolute open flow, Skin Values and All Well Tests performed on
a well verses time then the ‘Show’ button should be selected with the respective graph from the option
buttons as shown below.
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Well Test Analysis
The user can do three types of Well Test Analysis in this software:
1- Simplified Analysis (for calculating n, C, PD rate & AOF)
2- LIT Analysis (for calculating Skin if ‘k’ is known)
3- Build-up Test Analysis (If Detailed Multi-Point Test data is available)

The analysis tools are very similar for Simplified and LIT Analysis except were mentioned. The
interface below will appear when you select ‘Well Test Analysis’ button. It will give you a
glimpse of what has happened on the well since it was drilled.
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1. This sections contains all the data in a grid form with API Number, Date of well test, Test
Type, kh value, Skin value, Peak Day rate, Absolute Open Flow and information in
‘YES’ or ‘NO’ form if the Detailed Multi-point data (Pressure profile & flow-rate vs.
time) is available for a given test or not. The back color of selected well-test is yellow
while of stimulation is purple. The first well-test is selected by default.
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2. This section contains instructions as how to select well-tests for analysis. Single click on
any well-test will make it the current well-test with background changed to yellow and by
double click it will be selected for Simplified and LIT Analysis. If the Detailed MP Data
for a well-test is given then it can be selected for permeability analysis (build-up test) by
single click on the cell where ‘YES’ is written. This way the build-up test analysis
module will show up.

3. This section shows the time of different well tests which are indicated by three types of
markers and stimulations on a well which are represented by straight blue vertical lines.
The selected well have the similar marker according to its test-type but its color is dark
green.

Once any well-test is double clicked, it is selected and added in the list box of simplified and LIT
Analysis.
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1- Simplified Analysis
The screen shot of Simplified Analysis tab is below with Well-test # 2 to # 7 selected for
analysis.

1. This sections contains the list box which has the entire well-tests selected for an analysis.
Any test now again can be selected or de-selected by using the check-box in front of it.
Once the well-tests are selected then they can drawn on log-log graph of Flow-rate
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(McfD) vs. Delta Pressure Square (Delta P sqr) by selecting the ‘Draw Points’ button.
This graph can be cleared by selecting the ‘ Clear>>’ button also if the well-tests drawn
need to be changed.
2. When the data points have been drawn the user can draw a line in the picture box keeping
left mouse button held down like shown below

Select ‘Calculate n’ button to find the slope of the drawn line. The slope will be
calculated in front of ‘n’ text box.
3. Now the user can select the well-tests in the list box to which he/she wants to apply this
calculated slope. Like in the snap shot as the slope was drawn between well-test points 2
and 3 thus the same were selected and the ‘Calculate C, PDrate, AOF’ button was
selected. The values of C, Peak Day Rate and Absolute Open Flow will be calculated and
shown in the grid as shown in the picture shot on next page. Theses results can be saved
in the database by selecting the ’Save’ button.

82

Note: If there is only one well-test before or after the stimulation then the value of n can be
assumed and written in the textbox in front of label ‘n’ as shown in the picture below. The value
of ‘n’ cannot be assumed for more than one well at a time so if there is more than one well-test
for which the value of ‘n’ has to be assumed then they should be selected one by one.
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2- LIT Analysis
The screen shot of the LIT analysis is below:

1.

This section is the same as for Simplified Analysis.

2.

In this section the well-test points are drawn on log – log plot of ‘Flow rate (MMcfD)
vs. Delta pseudo pressure – bq2’ . There is no need to draw a slope line in this plot.
Instead the points can be selected by visual inspection that they form a straight line
and that they were conducted preferably with-in 2 years. In the snap shot above well
test points 2,3 and 5 have been selected to calculate Skin.

3.

When the ‘Calculate’ button is pressed the program uses the permeability value ‘k’
from the nearest well-test and calculates skin. The new value of skin can be saved in
the database by selecting ‘Save Results’ button.
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Note: Multi-point test points give erroneous calculations if selected with other well-tests as they
are recorded one flow after another simultaneously not like Open Flow and single point tests
which are recorded once a year.
If the selected well-tests are not with in 2 years then the following message will appear giving
the user choice either to select other well-tests or continue with the well-tests selected.
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3- Build-up Test Analysis
If any Multi-point well test has a detailed data (pressure and flow-rate profile vs. time) then the
‘Detailed MP Data’ column in front of that test will show ‘YES’. It means that the data for this
well-test can be analyzed to estimate a value of permeability.
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If the cell with value ‘YES’ is selected the software will read the data from the excel file and
progress bar will become visible like in the picture shot above showing that the data is being
read.
After the complete data has been read by the software the following screen will appear showing
the pressure profile of the well-test.

All the Input data is retrieved from the database and if is not found then default values are
inserted. The value ’tp (flow/production time’ is 2 hrs by default but can be changed by the user.
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The Extended build-up test for 2 or more hours should be selected by keeping the left mouse
button down. The green lines will indicate portion of build-up test selected.

If by mistake draw-down data is selected then the following message will appear informing the
user to select build-up data again.
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After the portion of build-up data has been correctly selected the permeability analysis tab will
show following graphs. The first one is the log-log diagnostic plot between ‘Del Pressure’ and
‘Del Time’. The user should select the first point which does not fall on the unit slope line drawn
by holding the left mouse button down. The initial pressure ‘Pi’ and flow rate text box values
will be selected from the build-up portion of the extended well-test selected. The graphs will be
drawn again with a green line drawn on the Horner plot indicating the end of well-bore storage
(tewbs).

The slope should be drawn on the Horner plot on the left side of the end of well bore storage line
shown in green on Horner plot.
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After the slope is drawn the user can select ‘Calculate Skin’ button to find the skin of the well.
The respective graphs can be redrawn any time by selecting the ‘Redraw Diagnostic Plot’ or
‘Redraw Horner Plot’.
The value of permeability and Skin can be saved in the database by selecting ‘Save’ button.
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View Well Data
One of the capabilities of this software is that user can query data according to location and
stimulation year. In this module the user can search for the well data in database according to
following criteria’s
1-

State

2-

County

3-

Stimulation year

4-

Off-set wells

And then choose the parameters like (well number, location, completion date, AOF value, etc ....)
to view. The picture of this module is below
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1. In this section there are two list boxes with labels which read ‘STATE’ and ‘COUNTY’.
You can select the location like state & then the county of well. When a state is selected
from the list box on the left then all the counties of that state in the database will be
shown in the list box in the right. The labels of both list boxes will change to show the
selection made as shown in the picture below

Note:

If a wrong selection is made or you want to see all the wells after a selection has
been made, press the ‘Reset’ button.
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2. This list box is named ‘API Well Number’ and as you change the selection in any of the
two list boxes on the left the API well Numbers in this list box will change accordingly.
There will be a small check box in front of all the well numbers. To select the wells you
can select on the check boxes or if you want to select all of them then click ‘Select All’
command button in the lower side of the list box.

3. This frame is labeled ‘Selection Option’ and contains two search options in the form of
option buttons. One is by stimulation year and other by off-set well. The picture on the
top of this frame shows the north eastern part of United States. You can click anywhere
on this picture as an alternative to selecting states from the list box in 1.
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Note: ‘Select Wells’ command button should be pressed when either of the two search
options has been selected to see the result.
If any value is entered in text box A or B then the first option i.e. by stimulation year will
be selected. This will change the interface on the left and section1 will become hidden as
search by stimulation years doesn’t take into account state or county of the well.
Following is the screen shot when selection by stimulation year between 1992 and 1996
is made.
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If you want to search by off-set wells then you can either enter value in text box marked
as C or select the option button next to it. This option button is always selected and the
value in text box C which is off-set distance is 0.5 when the interface loads. A well must
be selected from the API Well Number list box for which we want to know the off-set
wells.

Note:

If a well is not selected then a message informing you of that will appear and the
software will not execute your command

4. This button should be pressed when you have selected the wells in the API Number list
box for which you want to see the data. If you press it another screen will appear with six
list boxes showing parameters of following six tables
1- Well Bore Data
2- Completion Data
3- Perforation Data
4- Stimulation Data
5- Well-Test Data
6- Reservoir Data
Select the parameters by clicking the check box in front of it or if you want to select all
parameters then press command button D in the bottom of each list box accordingly as explained
in the following picture
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Press ‘Show Well Data’ command button when the parameters have been selected. This will
bring you to the following form which displays the wells & their parameters selected. The Screen
shot on the next page shows the data selected above for API Well # 12-345-6789.
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If user select ‘Select Parameters’ button, you will be taken back to the previous form of this
module from where you selected the parameters. User can export the grid to MS Excel by
selecting the ‘Export to Excel’ button.
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Candidate Selection
This module will appear on selecting the ‘Candidate Selection’ button from Main Menu.

For intelligent candidate selection of wells it is very important that only valid data is given to the
Neural Network (NN) for training. Valid data is one which will not degrade the performance of
the NN and is useful in NN training.
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1.

When this module is loaded each row in this section of the grid represents a valid
stimulation as shown in figure above. Following is the criteria for valid stimulation
selection:
Valid Stimulation –

It

should

have

skin

value

before

&

after

stimulation
Valid perforation –

perforation just before the stimulation

Valid Completion –

the smallest size completion run before stimulation

Valid Well-test –

well-test having skin value just before or after the well-test
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2.

Two types of analysis can be done on the wells. One option is to apply Genetic
optimization on wells one at a time and other is to apply it on all wells. If the ‘All Wells’
option is selected then the ‘Select Well’ button will be enabled and the user can select the
well the same way as shown in the previous section of the user Manual for – Find a well.

3.

This section of module relates to the Optimization methods available. User can optimize
the stimulations according to only change in skin criteria or may choose to select the ‘GA
based on cost and skin’ option where he/she can give different weight ages to cost and
skin.
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Options Menu
This software can cater for many varied situations. This all options can be selected from the
‘options’ menu bar on the top of the form. It contains following items:
•

Select controllable parameters

•

Material cost

•

Import NNet

•

NNet Input values

•

GA characteristic

•

Export the Grid to Excel

•

Select Well-Test Type

Following is a screen shot of the items in the Options menu tool bar.

Material cost can be changed by the user as the prices fluctuate. These prices can be saved in the
database by selecting ’Save’ button and Default values can be retrieved by selecting ‘ Default’
button. The screen shot of material cost is shown below and price is just an estimate and can be
changed by user.
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If the user wants to look at the Neural Network inputs being used then ‘NNet Input’ option will
take the user to a new form as shown above where all the inputs are shown. Keep in mind that
this grid can only be seen once and that only after the Genetic optimization has been applied.
If some material is not available for stimulation then still the user can optimize the stimulation by
de-selecting that material from the ‘Select controllable parameters’ option. The materials not
enabled are the ones that are not being used by the Neural Network in use.
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A new Neural Network can be used if the data is changed or appended by importing its ‘ida’ file.
When a new Neural Network is imported it might change the optimum GA parameters. The user
can change them from ‘GA characteristic’ option. The default values are always loaded at startup
as shown in figure below but can be changed by user.

As one of the input for Neural Net also includes ‘Well-Test Type’ after the stimulation so option
has been given to the user to select the well-test they want to use for optimization.
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When all the parameters for GA have been selected and user selects the ‘Apply GA’
button then the screen below will appear showing the values of optimized
stimulation slurry and change in skin due to this stimulation. The picture below shows the GA
optimization done on well # 12-345-67890.
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If the optimization is applied to all the wells then we can rank the wells according to the change
in skin by selecting ‘Rank the wells’ from Options menu bar on the top left corner of the form as
shown in snapshot below.

The wells are ranked according to change in skin as shown in the figure below. These ranked
wells and the optimized stimulation data now can be exported to excel by selecting ‘Export to
Excel’ in the Option menu of Candidate Selection module.
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